Despite the large body of information on the role of corticosteroids in regulating lymphocyte and phagocyte function, the role of the hormone adrenaline in immunoregulation is an underinvestigated topic. The present study has addressed the effects of adrenaline on the rates of utilization and oxidation of glucose and glutamine, the phagocytic capacity and the rate of superoxide production by rat neutrophils. Incubation of rat neutrophils in the presence of 50 µM adrenaline caused a marked elevation in glucose metabolism, an effect that could be blocked by propranolol. Adrenaline caused a partial inhibition of glutamine utilization by neutrophils, an effect that was also blocked by propranolol. These effects of adrenaline could be mimicked by 100 µM dibutyryl cAMP. Phosphate-dependent glutaminase activity was significantly elevated in neutrophils incubated in the presence of 50 µM adrenaline or 100 µM dibutyryl cAMP for 1 h, whereas glutamine oxidation was significantly depressed (P 0.05) under these conditions. The elevation in enzyme activity was only partially blocked by propranolol. The phagocytic activity of rat neutrophils was not altered by adrenaline in the presence of either glucose or glutamine. The rate of phorbol 12-myristate 13-acetate-induced superoxide production in the presence of glucose was potently reduced by the addition of 5 nM or 50 µM adrenaline. This effect could be mimicked by dibutyryl cAMP. However, when rat neutrophils were incubated in the presence of glutamine plus adrenaline (5 nM or 50 µM), the rate of superoxide production was only marginally reduced. These findings support the proposition that adrenaline may deviate the flux of glucose from the NADPH-producing pentose phosphate pathway, thus reducing substrate availability for the superoxide-generating NADPH oxidase. However, glutamine metabolism may still give rise to substantial quantities of NADPH from the glutaminolysis pathway. We postulate that glutamine metabolism may thus provide a protective mechanism against the inhibitory effect of adrenaline on superoxide production by neutrophils.
INTRODUCTION
With the onset of phagocytosis of bacteria or tissue fragments by neutrophils, a number of different cellular processes, including motility, the respiratory burst and the secretion of cytoplasmic (proteolytic) enzymes and immunomodulatory compounds, are initiated by appropriate stimuli. The combination of these processes results in the killing and digestion of the engulfed bacteria and, if prolonged, the development of a local inflam-mation. An increase in the rate of the respiratory burst involves a sudden stimulus-induced increase in nonmitochondrial oxidative metabolism which results in the production of the superoxide anion (O − : # ) and associated reactive oxygen species [1, 2] .
Catecholamines can elicit anti-inflammatory effects in various models of acute and chronic inflammation. Catecholamines have been demonstrated to inhibit the chemotatic response of polymorphonuclear cells [3] . At the subcellular level, adrenaline (epinephrine) inhibits the release of enzymes from isolated lysosome granules via a mechanism involving cAMP [4] . More recently, an inhibitory effect of high concentrations of adrenaline on neutrophil function (phagocytosis and reactive oxygen production) has been reported [5] .
Similar to lymphocytes and macrophages [6] [7] [8] , neutrophils also utilize glucose and glutamine at high rates [9, 10] . The role of high rates of utilization of these fuels has not been determined, but may be related to the requirement for glucose both for new membrane synthesis during active periods of phagocytosis and for production of NADPH (via the pentose phosphate pathway), which is subsequently consumed via NADPH oxidase, thus producing O − : # . Glutamine is metabolized in neutrophils, producing glutamate, aspartate, alanine and lactate [9, 10] . However, the contribution of glutaminolysis to neutrophil function has not yet been addressed.
Adrenaline can stimulate rates of both glucose and glutamine utilization and oxidation in rat macrophages [11, 12] . However, the effects of adrenaline on the rates of utilization and metabolism of these fuels in neutrophils have not yet been examined. In the present work, we have studied the effects of adrenaline on glucose and glutamine utilization and oxidation, phagocytic capacity and rates of superoxide production in neutrophils.
MATERIALS AND METHODS

Animals
Male Wistar rats weighing 180 g (about 2 months of age) were obtained from the Biomedical Institute (USP, Sa4 o Paulo, Brazil). The rats were maintained at 23 mC under a cycle of 12 h light\12 h dark. Ethical approval was granted for these studies by the Institute of Biomedical Sciences Animal Experimental Committee, University of Sa4 o Paulo. 
Chemicals and enzymes
Preparation of peritoneal neutrophils
Neutrophils were obtained by intraperitoneal lavage with 40 ml of sterile PBS, 4 h after the intraperitoneal injection of 20 ml of 1 % (w\v) sterile glycogen solution (Sigma type II ; from oyster) in PBS. The cells were centrifuged (850 g for 8 min) three times in PBS. The number of viable cells ( 95 % neutrophils) was always counted in a Neubauer chamber using optical microscopy, following addition of Trypan Blue solution (1 %, w\v). A similar procedure was used previously by Pires de Melo et al. [13] .
Incubation procedure
Neutrophils were incubated (1.0i10( cells\flask) at 37 mC in 1 ml of Krebs-Ringer medium containing 2 % (w\v) defatted BSA in the presence of glucose (5 mM) or glutamine (2 mM). Adrenaline was added at a concentration of 5 nM or 50 µM. In some experiments, 100 µM dibutyryl cAMP (db-cAMP) and\or 200 µM propranolol was added. After a 1 h incubation, the cells were disrupted by the addition of 0. "%C]glutamine was collected as described previously [14] .
Neutrophils were incubated for 1 h in the presence of [U-"%C]glucose or [U-"%C]glutamine in a sheltered Erlenmeyer flask (25 ml) containing one compartment for cell incubation and another for CO # collection. After this period, the cells were disrupted using 200 ml of HClO % (25 %, v\v). The "%CO # was collected over 1 h in a solution of phenylethylamine\methanol (1 : 1, v\v) and the radioactivity was counted in a Beckman LS 5000 TD liquid scintillation counter (Beckman Instruments, Fullerton, CA, U.S.A.).
Metabolite measurements
Neutralized samples of the incubation medium were used for measurements of glucose [15] , glutamine [16] , glutamate [17] , and lactate [18] concentrations. The production of NADH or NADPH was monitored at 340 nm, using a recording spectrophotometer (Gilford Response).
Assay of glutaminase (EC 3.5.1.2) activity
For the measurement of phosphate-dependent glutaminase activity, the cells were incubated for 1 h in the presence of the hormone and then homogenized in extraction medium containing 150 mM potassium phosphate, 1 mM EDTA and 50 mM Tris\HCl at pH 8.6. Phosphate-dependent glutaminase activity was assayed as described by Curthoys and Lowry [19] . The assay medium consisted of 150 mM phosphate buffer (an equimolar mixture of K # HPO % and KH # PO % ), 0.2 mM EDTA, 50 mM Tris\HCl, 20 mM glutamine and 0.05 % (v\v) Triton X-100, pH 8.6, to which 100 µl of homogenate was added. Assay media, in duplicate, were incubated at 37 mC. The reaction was initiated by the addition of freshly prepared glutamine, promoting a 10-min linear reaction time course. The reaction was stopped by adding 0.2 ml of 25 % (w\v) HClO % and then neutralized. The amount of glutamate was determined as described by Bernt and Bergmeyer [17] at 340 nm in a Gilford Response spectrophotometer.
Assay of NADP + -dependent malate dehydrogenase (malic enzyme ; EC 1.1.
1.82) activity
Malic enzyme activity was determined as described by Newsholme and Williams [20] . A similar procedure was used previously for lymphocytes [21] . The assay medium consisted of 50 mM Tris\HCl, 1 mM MgCl # , 0.2 mM NADP + , 100 mM KCl, 0.05 % (v\v) Triton-X-100 and 2 mM malic acid (neutralized with KOH).
Assay of glucose-6-phosphate dehydrogenase (G6PDh ; EC 1.1.
1.49) activity
This enzyme activity was determined as described by Newsholme et al. [8] . The extraction medium contained 50 mM Tris\HCl and 1 mM EDTA ; 0.05 % (v\v) Triton X-100 was added to the assay system to complete the extraction of the enzyme, and the final pH was 8.0. The final volume of assay mixture for the measurement of all enzymes was 1.0 ml. The enzymes were assayed by following the changes in absorbance at 340 nm. All spectrophotometric measurements were performed in a Gilford Response recording spectrophotometer at 25 mC.
Preparation of zymosan for measurement of phagocytosis
A 35 mg portion of zymosan (from Saccharomyces cervisiae) in 100 ml of PBS was boiled for 30 min and then washed twice with PBS, prior to use. Subsequently, the zymosan particles were resuspended in PBS containing Ca# + and Mg# + ions to give a concentration of 14 mg\ml, and the solution was stored at 4 mC. Normal rat serum used for opsonization was stored at k20 mC. For opsonization, 0.5 ml of zymosan particles (14 mg\ml of PBS) was mixed with rat serum and incubated for 30 min at 37 mC. The opsonized zymosan particles were then washed and resuspended in PBS at a concentration of 1 mg\ml.
Phagocytosis assay
Neutrophils were incubated (2i10' cells per flask) in 1 ml of PBS containing 2 % (w\v) defatted BSA and opsonized zymosan, in the presence of glucose (5 mM) or glutamine (2 mM) plus adrenaline (5 nM or 50 µM) at 37 mC for 30 min. Phagocytosis was stopped by placing the flasks on ice for 10 min. The amount of phagocytosis ( %) could be determined by counting the cells that had phagocytosed three or more particles of zymozan, using a counting chamber.
Measurement of superoxide production
Measurement of chemiluminescence was performed using lucigenin (dimethyl-9,9h-biacridinium dinitrate), as described by Allen [22] . The reaction mixture contained 3i10' neutrophils in PBS, glucose (5 mM) or glutamine (2 mM), adrenaline (5 nM or 50 µM), propranolol (200 µM) and 0.25 mM lucigenin. Phorbol 12-myristate 13-acetate (PMA ; 100 ng) was used for cell stimulation. Chemiluminescence was measured using a liquid scintillation counter (Beckman 25 5000 TD). Results are expressed as c.p.m.
Protein determination
The protein content of the tissue homogenates was measured by the method of Bradford [23] , using BSA as standard.
Expression of results and statistical analysis
Glutaminase, malic enzyme and G6PDh enzyme activities are expressed as nmol:min −" :mg −" protein. The consumption of glucose and glutamine, the production of glutamate and lactate, and the decarboxylation of [U-
"%C]glucose and [U-"%C]glutamine by neutrophils incubated for 1 h are expressed in units of nmol:h −" :mg −" protein. Phagocytosis capacity is given as a percentage, and superoxide anion production is presented as c.p.m. Analysis of the significance of differences due to the effect of adrenaline was performed by using a standard Student's t-test, with statistical significance defined as P 0.05.
RESULTS
Incubation of rat neutrophils in the presence of adrenaline resulted in a 4-fold increase in glucose consumption, an effect that could be blocked by propranolol ( Figure 1 ). Adrenaline caused a partial but significant (P 0.05) inhibition of glutamine utilization by neutrophils (Figure 2 ), an effect that was also blocked by propranolol. Lactate production was increased approx. 2-fold by 5 nM adrenaline and 3-fold by 50 µM adrenaline, and propranolol caused a reduction in these effects ( Figure 1 ). Glutamate production was increased by 5 nM adrenaline (24 %) and 50 µM adrenaline (216 %), and propranolol reversed this effect. Glucose oxidation was increased by adrenaline (2.5-and 2.2-fold for 5 nM and 50 µM adrenaline respectively) (Figure 3 ), while glutamine oxidation was decreased (42 % and 24 % for 5 nM and 50 µM adrenaline respectively) ( Figure 4 ). The effects of adrenaline on glucose and glutamine metabolism could be mimicked by 100 µM db-cAMP ( Figures  1 and 2) . Phosphate-dependent glutaminase activity was significantly elevated in neutrophils incubated for 1 h in the presence of 50 µM adrenaline or 100 µM db-cAMP ( Table 1 ). The elevation caused by adrenaline was reduced by propranolol (Table 1) .
The effects of adrenaline on the activities of enzymes responsible for generating reducing equivalents were also investigated. Addition of 5 nM or 50 µM adrenaline to the incubation medium of neutrophils did not significantly alter the activities of G6PDh or malic enzyme ( Table 1) .
The phagocytic capacity ( % of cells that had phagocytosed three or more zymosan particles) of neutrophils was not modified by 5 nM or 50 µM adrenaline in the presence of either glucose or glutamine, whereas 100 µM db-cAMP significantly elevated the phagocytic capacity ( Table 1) .
The rate of PMA-induced superoxide production in the presence of glucose was potently reduced by the addition of 5 nM adrenaline (to 53.6 % of control level) or 50 µM adrenaline (to 58.5 % of control level ; Figure 5 ). This effect could be mimicked by db-cAMP. However, when rat neutrophils were incubated in the presence of glutamine plus adrenaline (5 nM or 50 µM), the rate of superoxide production was only slightly reduced ( Figure 6 ). Effects of adrenaline on rat neutrophil metabolism 
DISCUSSION
Stimulatory effects of adrenaline on glucose utilization, lactate production and glucose oxidation in macrophages have been reported previously [11, 12] . These stimulatory effects are also observed in neutrophils, as described here.
The effects are mediated by β # -adrenergic receptors via cAMP production. In contrast, adrenaline does not affect the phagocytic capacity of neutrophils. Others have reported that concentrations of cAMP do not increase in neutrophils during the phagocytosis of zymosan particles [4] .
Glutamine utilization and oxidation by neutrophils is reduced by adrenaline, an effect that is reversed by propranolol, confirming the participation of β # -adrenergic receptors. The activity of glutaminase (the first enzyme in the glutamine utilization pathway) was elevated by 50 µM adrenaline, suggesting that the capacity for glutamine utilization is higher in the presence of this hormone. However, since utilization was decreased, whereas the activity of the enzyme responsible for metabolism (glutaminase) was increased, the process most likely to be inhibited by adrenaline is glutamine transport. Amino acid transporter concentrations are under transcriptional\translational control and can be modulated by nutrient availability or hormone concentrations.
It has been reported that adrenaline markedly affects protein metabolism. This hormone increases glycaemia, but decreases the plasma concentrations of some essential amino acids [24] . The hypoaminoacidaemic action of adrenaline infusion begins promptly [25] . The effect is apparent when the plasma adrenaline concentration is slightly raised [26] , and is blocked by β # -receptor antagonists [27] . Adrenaline infusion has an anti-catabolic action on muscle protein [28] and changes the content of the amino acids in the brain [29] . Therefore adrenaline may deviate the available glutamine towards protein synthesis, hence reducing its oxidation in the neutrophil. Another possibility is that the decrease in glutamine utilization and oxidation reported here may arise due to the diversion of glutamine to the production of glutathione [30] . These possibilities need to be examined further.
The PMA-induced neutrophil respiratory burst (rate of O − : # production) was potently inhibited by adrenaline in the presence of glucose, but was only partially inhibited in the presence of glutamine. Weiss et al. [31] have reported that the inhibition of neutrophil O − : # production by adrenaline in the presence of glucose occurs via β # -adrenoceptors and is mimicked by db-cAMP. Paradoxically, adenylate cyclase activity has been shown to be stimulated by several agents that increase the respiratory burst in neutrophils [32] . Thus cAMP and its immediate target, protein kinase A, may mediate many of the downstream effects of adrenaline. The phorbol ester (PMA) may increase the rate of the respiratory burst by stimulating protein kinase C, which can phosphorylate components of the NADPH oxidase. Thus protein kinase A may act by phosphorylating and inhibiting protein kinase C or the NADPH oxidase complex in the neutrophil. Glutamine may provide protection from the inhibitory effects of adrenaline by modulating the signal transduction events that give rise to the generation of cAMP or the activation of protein kinase A, or perhaps may modulate the mechanism responsible for terminating the respiratory burst.
An alternative explanation for the protective effect of glutamine may be found in the route of metabolism of this amino acid. The production of O − : # in neutrophils occurs through NADPH oxidase activity, using NADPH produced by the pentose phosphate pathway. Thus the inhibitory effect of adrenaline on O − : # generation by neutrophils may be due to the lower production of NADPH via the pentose phosphate pathway. In fact, adrenaline, by stimulating the conversion of glucose into lactate and glucose oxidation, may reduce the flux of substrates through the pentose phosphate pathway, as reported for macrophages [33] . This would reduce the production of NADPH for the NADPH oxidase. However, in the neutrophil adrenaline does not alter the activities of G6PDh or malic enzyme, whereas their activities are altered by the adrenaline in the macrophage. Adrenaline increases glucose utilization and oxidation in the neutrophil, thus suggesting that glycolytic flux is increased at the expense of NADPH production. In contrast, glutamine provides reducing power (NADH and NADPH) through the tricarboxylic acid cycle and associated enzymes in the mitochondria, via the glutaminolytic pathway [30] . As glutamine utilization is only marginally reduced, the inhibitory effect of adrenaline on O − : # production would be much less pronounced. Therefore the availability of extracellular glutamine may play an important role in the regulation of neutrophil superoxide production and thus cytolytic activity. In fact, previous studies [34] have shown that administration of glutamine improves neutrophil function in paediatric burn patients.
